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FOREWORD

The purpose of this Toxicological Review isto provide scientific support and rationale for
the hazard and dose-response assessment in IRIS pertaining to chronic exposure to vinyl chloride.
It is not intended to be a comprehensive treatise on the chemical or toxicological nature of vinyl
chloride.

In Section 6, EPA has characterized its overall confidence in the quantitative and
gualitative aspects of hazard and dose response. Matters considered in this characterization
include knowledge gaps, uncertainties, quality of data, and scientific controversies. This
characterization is presented in an effort to make apparent the limitations of the assessment and to
aid and guide the risk assessor in the ensuing steps of the risk assessment process.

For other general information about this assessment or other questions relating to IRIS,
the reader is referred to EPA’ s Risk Information Hotline at 513-569-7254.
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1. INTRODUCTION

This document presents background and justification for the hazard and dose-response
assessment summaries in EPA’s Integrated Risk Information System (IRIS). IRIS summaries
may include an oral reference dose (RfD), inhaation reference concentration (RfC) and a
carcinogenicity assessment.

The RfD and RfC provide quantitative information for noncancer dose-response
assessments. The RfD is based on the assumption that thresholds exist for certain toxic effects
such as cellular necrosis but may not exist for other toxic effects such as some carcinogenic
responses. It isexpressed in units of mg/kg-day. In general, the RfD is an estimate (with
uncertainty spanning perhaps an order of magnitude) of a daily exposure to the human population
(including sengitive subgroups) that islikely to be without an appreciable risk of deleterious
noncancer effects during alifetime. The inhalation RfC is analogous to the oral RfD, but provides
a continuous inhalation exposure estimate. The inhaation RfC considers toxic effects for both the
respiratory system (portal-of-entry) and for effects periphera to the respiratory system
(extrarespiratory or systemic effects). It is generally expressed in units of mg/m?>.

The carcinogenicity assessment provides information on the carcinogenic hazard potential
of the substance in question and quantitative estimates of risk from oral exposure and inhalation
exposure. The information includes a weight-of-evidence judgment of the likelihood that the
agent is a human carcinogen and the conditions under which the carcinogenic effects may be
expressed. Quantitative risk estimates are presented in three ways. The slope factor is the result
of application of alow-dose extrapolation procedure and is presented as the risk per mg/kg/day.
The unit risk is the quantitative estimate in terms of either risk per ng/L drinking water or risk per
wug/m? air breathed. Another form in which risk is presented is a drinking water or air
concentration providing cancer risks of 1in 10,000; 1 in 100,000; or 1 in 1,000,000.

Development of these hazard identification and dose-response assessments for vinyl
chloride has followed the general guidelines for risk assessment as set forth by the National
Research Council (1983). EPA guidelines that were used in the development of this assessment
may include the following: the Guidelines for Carcinogen Risk Assessment (U.S. EPA,1986a),
Guidelines for the Health Risk Assessment of Chemical Mixtures (U.S. EPA, 1986b), Guidelines
for Mutagenicity Risk Assessment (U.S. EPA, 1986c¢), Guidelines for Developmental Toxicity
Risk Assessment (U.S. EPA, 1991), Proposed Guidelines for Neurotoxicity Risk Assessment
(U.S. EPA, 1995a), Guidelines for Neurotoxicity Risk Assessment (U.S. EPA, 1998b), Proposed
Guidelines for Carcinogen Risk Assessment (1996a), and Reproductive Toxicity Risk Assessment
Guidelines (U.S. EPA, 1996b); Recommendations for and Documentation of Biological Values
for Use in Risk Assessment (U.S. EPA, 1988); (proposed) Interim Policy for Particle Sze and
Limit Concentration Issues in Inhalation Toxicity (U.S. EPA, 1994a); Methods for Derivation of
Inhalation Reference Concentrations and Application of Inhalation Dosimetry (U.S. EPA,
1994b); Peer Review and Peer Involvement at the U.S Environmental Protection Agency (U.S.
EPA, 1994c); Use of the Benchmark Dose Approach in Health Risk Assessment (U.S. EPA,
1995b); Science Policy Council Handbook: Peer Review (U.S. EPA, 1998a); and memorandum
from EPA Administrator, Carol Browner, dated March 21, 1995, Subject: Guidance on Risk
Characterization.
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Literature search strategy employed for this compound were based on the CASRN and at
least one common name. At a minimum, the following databases were searched: RTECS,
HSDB, TSCATS, CCRIS, GENETOX, EMIC, EMICBACK, DART, ETICBACK, TOXLINE,
CANCERLINE, MEDLINE, and MEDLINE backfiles. Any pertinent scientific information
submitted by the public to the IRIS Submission Desk was aso considered in the devel opment of
this document.

2. CHEMICAL AND PHYSICAL INFORMATION RELEVANT TO ASSESSMENTS

Common synonyms of vinyl chloride (V C) include chloroethene, chloroethylene, ethylene
monochloride, and monochloroethene. Some relevant physical and chemical properties of VC are
listed below (Sax and Lewis, 1989):

CASRN: 75-01-4

Empirical formulac C,H,Cl

Structural formula: CH, = CHCI

Molecular weight: 62.5

Vapor pressure: 2,660 mm Hg at 25°C

Water solubility: 2,763 mg/L (U.S. EPA, 1985); 1,100 mg/L (Cowfer and Magistro,
1983)

Log Koy: 1.36 (NIOSH, 1986)

Conversion factor: 1 ppm = 2.60 mg/m?, 1.0 mg/m? = 0.39 ppm

VC monomer is a synthetic chemical used as a chemical intermediate in the polymerization
of polyvinyl chloride. At room temperature and pressure, it is a colorless gas with amild, sweet
odor. Asthe data shown above indicate, VC is moderately soluble in water. Structurally, VCisa
haloalkene and is related to vinylidine chloride and trichloroethylene.

3. TOXICOKINETICSTOXICODYNAMICSRELEVANT TO ASSESSMENTS

Human and animal dataindicate that VVC is rapidly and efficiently absorbed viathe
inhalation and oral routes, is rapidly converted to water-soluble metabolites, and is rapidly
excreted. At low concentrations, VC metabolites are excreted primarily in urine, while at high
exposure concentrations, unchanged VC is aso eliminated in exhaled air. Overdl, the data
indicate that neither VC nor its metabolites are likely to accumulate in the body.

Absorption of VC in humans after inhalation exposureisrapid. A study conducted in five

young adult male volunteers inhaling V C at concentrations of 7.5 to 60 mg/m? showed that 42%
was retained, maximum retention was reached within 15 minutes, and the percent retention was
independent of inspired VC concentration. After cessation of exposure, the VC concentration in
expired air decreased rapidly within 30 minutes to 4% of the inhaled concentration (Krajewski et
a., 1980). Animal inhaation studies also show that VC is rapidly absorbed. Exposure of male
Wistar rats (number/group unspecified) to 1,000, 3,000, or 7,000 ppm VC (99.9% pure) for 5
hours using a head-only apparatus resulted in rapid uptake into the blood, as measured by gas-
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liquid chromatography (GLC) (Withey, 1976). Equilibrium blood levels were achieved within 30
minutes for all exposures. Upon cessation of exposure, blood levels declined to a barely
detectable level after 2 hours. Rat studies show that the distribution of VC israpid and
widespread, but the storage of VC in the body is limited by its rapid metabolism and excretion
(Bolt et al., 1977).

No human studies of absorption of ingested VC were located. Animal studies show that
V C absorption following ora exposure is rapid and complete. Peak blood levels were reached
within 10 minutes when VC was administered to male rats by gavage in an agqueous solution at
doses up to 92 mg/kg (Withey, 1976). In the same study, more complex and dightly delayed
absorption was observed following VC gavage in ail, although peak blood levels were reached
within 40 minutes (Withey, 1976). At 72 hours after a single gavage dose of 100 mg/kg VCin
oil, unmetabolized VC was detected in exhaled air, indicating that metabolism was saturated
(Watanabe and Gehring, 1976; Watanabe et a., 1976a). Saturation of VC metabolism has aso
been observed following inhalation exposure (Watanabe and Gehring, 1976; Watanabe et al.,
1976b). Inratsfed VC monomer in a PV C powder, the average amount of VC detected in feces
was 8%, 10%, and 17% for oral intake of 2.3, 7.0, and 21.2 mg/kg-day (Feron et a., 1981). As
the remaining material was reported as still enclosed in PV C granules, VC monomer was nearly, if
not completely, absorbed in the Gl tract. Complete absorption of VCM was therefore assumed in
the choice of a measure of oral exposure.

Numerous studies on the pharmacokinetics and metabolism of VC have been conducted,
with the mgority of these studies conducted in rats (Withey, 1976; Hefner et a., 1975;
Guengerich and Watanabe, 1979; Bolt et d., 1976, 1977; Watanabe et al., 1976a,b, 1978;
Jedrychowski et al., 1984, 1985; Tarkowski et al., 1980). Asdiscussed in Sections 5.1.2, 5.2.2,
and 5.3.3, both the cancer and noncancer assessments were conducted using a physiologically
based pharmacokinetic (PBPK) model (Clewell et d., 1995a,b) in which VC metabolism was
hypothesized to occur viatwo saturable pathways. Therefore, VC metabolism is discussed in
some detail here as part of the background for the development of the model. A simplified
diagram of the metabolism of VC is shown in Figure 1. The primary route of metabolism of VCis
by the action of the mixed function oxidase (MFO) system, now referred to as cytochrome P450
or CYP, on VC to form chloroethylene oxide (Bolt et al., 1977; Plugge and Safe, 1977).
Chloroethylene oxide (CEO) is a highly reactive, short-lived epoxide that rapidly rearrangesto
form chloroacetaldehyde (CAA), areactive «-halocarbonyl compound; CEO is also a substrate
for epoxide hydrolase (Pessayre et al., 1979).

These two metabolites are detoxified mainly via glutathione (GSH) conjugation
(Jedrychowski et a., 1985; Leibman, 1977; Tarkowski et al., 1980). This hypothesisis supported
by the observation of decreased nonprotein sulfhydryl concentrations at high VC exposure
concentrations (Jedrychowski et al., 1985; Tarkowski et al., 1980), as well as by the excretion of
GSH-conjugated metabolites in the urine, observed in rats following exposure to VC (Watanabe
et a., 1976c; Hefner et a., 1975). CAA may aso combine directly or enzymatically with GSH
via glutathione transferase (GST) to form S-formylmethylglutathione. S-formylmethylglutathione,
through direct interaction with GSH-derived cysteine, can be excreted as N-acetyl-S-(2-
hydroxyethyl)cysteine, another major urinary metabolite of VC (Green and
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Figure 1. Metabolism of vinyl chloride.

Hathway, 1975). The GSH conjugates are then subject to hydrolysis, resulting in excretion of
cysteine conjugates in the urine (Hefner et a., 1975). Two of the three magjor urinary metabolites
of VC in rats have been identified as N-acetyl-S-(2-hydroxyethyl)cysteine and thiodiglycolic acid
(Watanabe et a., 1976b).

The specific isozymes of the P450 system involved in the metabolism of VC have not yet
been unequivocally established. However, it is clear from both in vitro and in vivo studies that
several isozymes can play arole. High-affinity, low-capacity oxidation by CY P2EL is probably
responsible for essentially all of the metabolism of VC at low concentrations in uninduced animals
and humans (Guengerich et ., 1991). Thereis also evidence for asignificant increase in
metabolism in animals pretreated with phenobarbital (Ivanetich et al., 1977), suggesting that
CYP2B1 aso metabolizes VC. At high concentrations in vivo, the metabolism of VC in rats leads
to a destruction of P450 enzyme (Reynolds et al., 1975), which is greatly enhanced in
phenobarbital- or Arochlor-induced animals (Arochlor induces CYP1A2). Theloss of P450 has
been suggested to result from the production of reactive intermediates during the metabolism of
VC (Guengerich and Strickland, 1977) and isinhibited by GSH in vitro (Ivanetich et al., 1977).
Induction of P450 by phenobarbital or Arochlor was aso necessary to produce acute
hepatotoxicity from VC in rats (Jaeger et ., 1977), indicating that V C toxicity is increased by
increased P450 activity.
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The contribution of severa P450 isozymes to the metabolism of the related compound
trichloroethylene (TCE) has been studied in the male Wistar rat and male B6C3F1 mouse
(Nakgimaet a., 1993). Using monoclonal antibodies specific to each isozyme, the investigators
were able to determine that CY P2E1 contributes more to the metabolism of TCE in mice than in
rats, whereas CY P2C11/6 contributes more to the metabolism of TCE in rats than in mice
(CYP2C11/6 is a constitutive, noninducible isozyme present only in male rodents). The
investigators also found that CY P1A1/2 contributes to the uninduced metabolism of TCE in mice
but not in rats and that CY P2B1 does not contribute to the metabolism of TCE in naive animals
of either species. Thus, assuming that the same isozymes are responsible for metabolism of TCE
and VC, it appears that at low concentrations the initial metabolism of VC is primarily due to
CYP2EL, but that at higher concentrations, where CY P2E1 becomes capacity limited, other CYP
iISozymes may contribute to its metabolism. The extent of this higher capacity metabolism islikely
to vary across animal species, strain, and sex. To the extent that such higher capacity, lower
affinity metabolism (referred to in future as “non-2E1” metabolism) may be important in
conducting arisk assessment for VC, it will have to be characterized separately for each species,
strain, and sex of interest. From a pharmacokinetic modeling perspective, non-2E1 metabolism
would be handled as a second saturable metabolic pathway with alarger value for the Michadlis-
Menten constant (KM). For example, it has been demonstrated that the metabolism of the related
compound, vinyl bromide, is best described with two distinct saturable pathways having different
affinities (Gargas and Andersen, 1982). Of mgjor importance for human risk assessment, some of
the low-affinity, high-capacity constitutive (2C11/6) and inducible (2B1/2) PA50 isozymes in the
rodent may have no human correspondents (Guengerich, 1987).

Reflecting the dose-dependent, saturable nature of VC metabolism, the route and nature of
VC dimination is also dose related (Green and Hathway, 1975; Bolt, 1978; Hefner et ., 1975;
Gehring et al., 1978). Following exposure via ora or inhalation routes to low doses of VC,
metabolites are excreted primarily in the urine. However, once the saturation point for
metabolism is reached, VC is eliminated via other routes, primarily exhaation of the parent
compound (Watanabe et a., 1976b; Watanabe and Gehring, 1976). The route of elimination of
V C aso depends on the route of administration. Urinary excretion is favored more following oral
or intraperitoneal administration, while 99% of the same dose administered intravenously was
exhaed (Bolt, 1978). This may be the result of a high peak concentration with intravenous
administration, combined with arelatively low blood-to-air partition coefficient, resulting in
elimination viathe lungs before a significant amount of urinary clearance can occur.
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4. HAZARD IDENTIFICATION

4.1. STUDIESIN HUMANS—EPIDEMIOLOGY, CASE REPORTS, CLINICAL
CONTROLS

4.1.1. Cancer Effects

Several independent retrospective and prospective cohort studies demonstrate a
statistically significant elevated risk of liver cancer, specifically angiosarcomas, from exposure to
VC monomer (VCM) (Tabershaw and Gaffey, 1974; Wong et a., 1991, Byren et a., 1976;
Waxweller et a., 1976; Weber et a., 1981; Fox and Collier, 1977; Jones et al., 1988; Simonato et
al., 1991; Monson et a., 1975; Wu et al., 1989; Pirastu et a., 1990). Although Duck et al.

(1975) failed to find a significant increase in liver cancer, they did report one case of liver
angiosarcoma. Significant excess risk of brain and central nervous system cancer has also been
associated with VC exposure (Tabershaw and Gaffey, 1974; Wong et a., 1991; Weber et d.,
1981; Byren et a., 1976; Cooper, 1981; Waxweiler et d., 1976; Wu et a., 1989). Severad studies
have found an association between V C exposure and cancer of the hematopoietic and lymphatic
systems (Simonato et al., 1991; Weber et al., 1981); observed increases in other studies fell below
statistical significance due to the small numbers of these types of cancers (Tabershaw and Gaffey,
1974). VC exposure has also been associated with lung cancer (Buffler et a., 1979; Monson et
al., 1975; Waxweller et a., 1976), although the evidence is less strong than for other cancers. Ott
et a. (1975) reported an increase in deaths due to all malignancies, although none of them were
due to angiosarcoma. An excess of melanoma was reported in one study (Heldaas et a., 1984),
but other studies have not substantiated this report.

In 1974, a study (Creech and Johnson, 1974) reported for the first time an association
between exposure to VC and cancer in humans. three cases of liver angiosarcoma were reported
in men employed in a polyvinyl chloride (PVC) plant. Angiosarcoma of the liver is considered to
be avery rare type of cancer, with only 20-30 cases per year reported in the United States
(Gehring et d., 1978; ATSDR, 1995). As described in the following paragraphs, greater than
expected incidences of angiosarcoma of the liver have since been reported in a number of other
cohorts of workers occupationally exposed to VC.

While alarge number of occupational studies reported an association between VC and
liver angiosarcoma, quantitative exposure information is available for only afew studies. Fox and
Collier (1977) reported four cases of liver cancer, two of which were angiosarcomas, in a cohort
of 7,717 British VC workers. The study authors grouped the subjects by estimated exposure
levels and exposure duration. From these data, average exposure levels have been estimated as
12.5, 70, and 300 ppm (Clement Associates, 1987) or 11, 71, and 316 ppm (Chen and Blancato,
1989). Because workers were classified based on the maximum exposure for each worker,
cumulative exposure is overestimated, leading to a probable underestimation of risk using these
data. Both angiosarcoma cases were considered to have had high exposure to VCM at the level
of 200 ppm and above time-weighted average. There was no effect on other cancersin
comparison with cancer ratesin England and Wales. 1n afollow-up study, Jones et al. (1988)
analyzed mortality in 5,498 male VC workers. This study found a significant excess of primary
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liver tumors, with 11 deaths, 7 of which were angiosarcomas. The median latency for
angiosarcomas was 25 years.

Simonato et a. (1991) reported on the results of alarge multicentric cohort study of
12,706 VC/PVC workers. A significant increasein liver cancer deaths was observed (Obs = 24,
SMR = 286). Workers were classified based on maximum exposure level into ranges of < 50
ppm, 50-499 ppm, and > 500 ppm. Estimating an average exposure duration of 9 years, average
exposure levels for these groups can be estimated at 25, 158, and 600 ppm. Histopathology was
available for 17 of the liver cancers; 16 were confirmed as angiosarcoma and 1 was a primary liver
cancer. The excessrisk from liver cancer was related to the time since first exposure, duration of
exposure, and estimated total exposure. An increased risk of lymphosarcoma was observed
(SMR =661, 95% CI = 136-1,931), but there was no relationship to duration of employment.
Brain cancer had an elevated risk in certain analyses, but there was no clear relationship to
exposure duration; there was no excess risk of lung cancer.

In a preliminary report with only 85% follow-up completed, Tabershaw and Gaffey (1974)
compared mortality in a cohort of 8,384 men occupationally exposed to VC with death rates
among U.S. males. Each VC plant classified workers as exposed to high, medium, or low levels
of VC, but no quantitative estimate of exposure was provided, and no attempt was made to
establish consistent gradations of exposure between plants or exposure periods. No significant
increases in any general cancer classification were found. However, six cases of angiosarcoma
identified by other investigators occurred in the study population; only two of these were
identified as angiosarcomas on the death certificate. The study authors aso noted that 6 of 17
(40%) deaths in the category “other malignancies’ were due to brain cancer. The authors stated
that only 22% of the deaths in this category would be expected to be due to this cause, but they
did not provide any supporting documentation. This preliminary report aso noted a slight excess
risk of lymphomas (5 observed vs. 2.54 expected) in the group with the higher exposure index.

Cooper (1981) enlarged the Tabershaw and Gaffey (1974) study to include 10,173 VC
workers; vital status was ascertained for 9,677 men. Cooper noted that, of the nine
angiosarcomas identified in the U.S. during the study period, eight were included in the study
cohort. Statistical analyses were conducted for broad categories of tumors; a significant increase
(Obs =12, SMR = 203, p < 0.05) was observed for brain and central nervous system
malignancies.

An update on this cohort (Wong et al., 1991) also found an association between VC
exposure and angiosarcoma. Fifteen deaths from angiosarcoma were identified, a clear excess
over the incidence in the general population, although no statistical analysis was conducted for
this malignancy. This study also attempted to determine whether other cancers are associated
with VC exposure. Excluding the 15 angiosarcomas identified from death certificates, a
significant increase was observed in liver and biliary tract cancers alone (Obs = 22, SMR = 386, p
<0.02). However, the study authors suggested that these 22 cancers probably included some
cases of angiosarcoma that were misdiagnosed. Based on a comparison of death certificates and
pathology recordsin 14 cases, the authors estimated that the correct number of primary
liver/biliary tract cancers (excluding angiosarcomas) is 14, which is still significantly increased
over background (SMR = 243, p < 0.01). Although thisis an estimate, liver cells were the

5/17/99 7 DRAFT-DO NOT CITE OR QUOTE



primary target site in 8 of the 14 pathology records. It can thus be assumed that VC is capable of
inducing both liver angiosarcoma and hepatocellular carcinoma. This study also found a
significantly increased risk of cancer of the brain and central nervous system (Obs = 23, SMR =
180, p < 0.05). There was no excessin cancer of the respiratory system or the lymphatic and
hematopoietic systems. Expected deaths were based upon U.S. mortality rates, standardized for
age, race, and calendar time.

CMA (1998b) updated the Wong et al. (1991) study through 1995. This study was aso
designed to evaluate possible induction of cancer at Sites other than the liver. In this study all
liver and biliary cancers were included in asingle category. Mortality rate for these cancers,
based upon 80 deaths, was again significantly increased (SMR=359; 95% Cl: 284-446). The
SMRs increased with duration of exposure from 83 (95% CI: 33-171), to 215 (95% ClI: 103-
396), to 679 (95% ClI: 483-929), to 688 (95% ClI: 440-1023) for those exposed from 1-4 years,
5-9 years, 10-19 years and 20 years or more, respectively. Mortality from brain and CNS cancer
showed an excess based on 36 deaths (SMR=142; 95% CI: 100-197). The elevation was
statistically significant for those exposed 5-9 years (SMR=193; 95% Cl. 96-346), and for those
exposed 20 years or more (SMR=290; 95%CI: 132-551). Finally, mortality from connective and
other soft tissue cancers, based upon 12 deaths, was also increased significantly (SMR=270; 95%
Cl: 129-472). The increases were significant for those exposed 10-19 years (SMR=477; 95% ClI:
155-1113) and 20 or more years (SMR=725; 95% CI: 197-1856). This cause of death category
had not been evaluated in the Wong et al. (1991) study. Overal, excess deaths dueto liver and
biliary tract cancer is estimated to be about three times that of CNS, connective and soft tissue
cancers combined. Deaths were based upon regional (State weighted) mortality rates for white
males.

Byren et a. (1976) reported a significantly elevated risk of pancreas/liver cancer (4
observed vs. 0.97 expected) in a cohort of 750 Swedish workers exposed to VC. Two of the four
were identified as angiosarcomas of the liver only after reevauation. The primary diagnosis was
one pancreatic cancer and one liver cancer. The excess risk increases when latency is considered.
The expected number of deaths was 0.68 for alatency period of > 10 years, while al 4 observed
deaths were exposed earlier than 10 years before death. This study also found a small excess of
brain cancer (2 observed vs. 0.33 expected).

Waxweller et a. (1976) found a significantly elevated risk (7 observed vs. 0.6 expected) of
liver cancer in a cohort of 1,294 workers who were exposed to VCM for a minimum of 5 years
and followed for 10 or more years. In a separate phase of the study, the authors identified 14
cases of liver and biliary cancer, 11 of which were angiosarcomas. Several of the identified
subjects were not included in the main study because they were still alive, or because they did not
meet the minimum criteriafor inclusion in the cohort. Brain cancer incidence was significantly
increased in workers observed for 15 years or more after initial exposure (3 observed vs. 0.6
expected); anonsignificant increase was observed for a 10-year latency. An additiona seven
cases of brain cancer were identified in subjects who did not qualify for inclusion in the cohort
study. Nine of the ten brain cancers were glioblastoma multiforme; a histological analysis was not
available for the tenth. By contrast, the study authors stated that this distribution of cell type
typicaly occursin only 33% of brain cancer deaths. The cohort study also found a slight excess
risk of lymphatic and hematopoietic system cancer (4 observed vs. 2.5 expected). Of the 14 cases

5/17/99 8 DRAFT-DO NOT CITE OR QUOTE



of primary lung cancer identified, 5 were large cell undifferentiated, 3 were adenocarcinomas, and
there were no squamous cell or small cell bronchiogenic carcinomas, suggesting that these cancers
were not associated with smoking. In astudy of 4,806 workers at the same plants, including
those workers exposed to chemicals other than VCM, an elevated risk of lung cancer was found
for workers exposed to PV C dust, but not for workers exposed to VCM (Waxweiler et al., 1981).
The study authors stated that the association with PV C dust could also have been due to VCM
trapped in the dust, but they noted that this did not explain the fact that exposure to VCM was
not associated with lung cancer in their study.

Wu et a. (1989) investigated a cohort of 2,767 VCM workers, most of whom had been
employed for fewer than 5 years. There was a significant excessrisk of liver cancer (14 observed
vs. 4.2 expected). The incidence of angiosarcomas was not reported, but 12/18 liver cancers
were angiosarcomas in a larger cohort of 3,620 workers that included workers exposed to PV C,
aswell asthe VCM workers. In acase-control study with the controls taken from a National
Institute for Occupational Safety and Health (NIOSH) database, angiosarcomas were related to
higher cumulative exposure to VCM, but other liver cancers were not. Brain and lung cancer
were not elevated for the VCM workers but were elevated for the combined cohort.

Weber et a. (1981) examined mortality patternsin 7,021 German and Austrian
VCM/PVC workers and 4,007 German PV C processing workers. Comparisons were with West
German population death rates. A significantly elevated risk of liver cancer (12 observed vs. 0.79
expected) was observed in the VCM/PVC cohort, but a significant increase (4 observed vs. 1
expected) was aso observed in an unexposed reference group. However, therisk in the VCM
cohort increased with exposure duration. The study authors implied that four cases of
angiosarcoma were identified in the study cohort, although it was not clear if al of the cases
belonged to this cohort. A significant excess risk of brain cancer (Obs =5, SMR =535, p < 0.05)
was also observed in the PV C processing workers, but not in VCM/PV C workers. Risk of
lymphatic and hematopoietic cancer (Obs = 15, SMR = 214) was significantly increased in
VCM/PV C production workers, and there was a tendency for increased risk at longer exposure
durations.

In a proportionate mortality study analyzing the causes of death of 142 workers exposed
to VCM or VC/PVC, Monson et al. (1975) found an excess incidence of liver cancer (8 observed
vs. 0.7 expected). Five of these were angiosarcomas. The study also found an excess of brain
cancer (5 observed vs. 1.2 expected) and lung cancer (13 observed vs. 7.9 expected); all three of
the brain tumors for which the type was identified were glioblastoma multiformae. No statistical
analysis was conducted by tumor target.

Pirastu et a. (1990) evaluated clinical, pathological, and death certificate data for 63
deaths in three VCM/PV C manufacturing or PV C extruding plants. Fourteen deaths from
primary liver cancer were found, seven of which were identified as angiosarcoma and two of
which were hepatocellular carcinoma. No comparison to a control population was conducted.
However, the authors stated that this study indicated a relationship between V C exposure and
primary liver cancer, as well as with angiosarcoma.
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In amortality follow-up study of 464 workers at aVVCM production facility, a significant
excess of respiratory cancers was observed (Obs =5, SMR = 289, p < 0.03). The excess
remained after correction for smoking and was associated with longer exposure durations and
higher exposure levels. Belli et al. (1987) also found a significant excess of lung cancer in a
preliminary report of a cohort of 437 VCM/PV C workers.

Lelbach (1996) reported on the course of VC-induced disease in 21 PV C production
workers. Death was due to liver cancer in 19 of these cases. While the predominant tumor type
was angiosarcoma, hepatocellular and colangiocellular carcinoma were also found. Latency
periods ranged from 12 to 34 years, with amean of 22 years. Younger age at first exposure,
younger than 27 years, seemed to have been accompanied by shorter latency periods.

Leeet al. (1996) described the time course and pathology of 20 patients who died from
angiosarcoma of the liver after occupational exposure to VC in Great Britain. Exposure periods
ranged from 3 to 29 years, with tumors devel oping after 9 to 35 years from beginning of
exposure.

The annual incidence of angiosarcoma of the liver in Great Britain from all sources was
estimated to be about 1.4 cases per 10 million population (Elliot and Kleinschmidt, 1997). Of 10
cases that were confirmed as angiosarcomas by histological analysis, 9 were VC workers. The
other individual was employed at aVVC factory, athough not asaVC worker. Since even this
individual could be presumed to have some exposure to VC, it was concluded that there were no
confirmed nonoccupationally exposed cases of angiosarcoma among residents living near aVC
gitein Great Britain.

Smulevich et al. (1988) investigated a cohort of 3,232 workers (2,195 men, 1,037 women)
in a Soviet VC/PVC chemical plant. No cases of angiosarcoma or other liver tumors were
reported. Workers who were highly exposed to VC (> 300 mg/m?) had a significantly elevated
risk of lymphomas and leukemias (apparently 7 observed vs. about 1.1 expected for combined
men and women, but there are inconsistencies in the reported numbers). The risk of brain cancer
was elevated in women (Obs = 2, SMR = 500), but the effect was not significant and the
incidence in men was unaffected.

In conclusion, there exists strong evidence of a causal relationship between exposure to
VC/VCM in humans and a significantly excess risk of angiosarcoma; the highest relativerisk is
associated with this cancer type. Thereis highly suggestive evidence of a causal relationship with
other liver cancers, brain cancer, and cancer of the lymphopoietic system. Lung cancer has also
been associated with VC exposure, but based on the data of Waxweller et al. (1981), the
increased risk of lung cancer observed in some cohorts may be due to exposure to PV C dust
rather than VCM. This may explain some of the inconsistencies regarding a relationship between
V C exposure and lung cancer, since some studies investigated cohorts exposed only to VCM
while other cohorts were exposed to VCM and/or PV C dust.

As discussed in Section 5.3, the dose-response assessment was based on liver

angiosarcomas, angiomas, hepatomas, and neoplastic nodul es because liver tumors lead to the
strongest causal association with VC exposure and because angiosarcomas in particular arerarein
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unexposed humans and laboratory animals. Furthermore, attempts to estimate cancer risk for
other sites, such as mammary glands, resulted in much greater uncertainty because responses were
quite variable and not always statistically significant, and because the magnitude of the cancer risk
estimated was, with few exceptions, less than the risk of liver tumors. Finaly, athough cancer
incidence was reported to be significantly increased at two other sitesin a recent epidemiology
study (CMA, 1998b), the estimated increase in mortality from cancer at these sites was still much
less than for liver cancer.

4.1.2. Noncancer Effects

Several epidemiology and case studies have associated chronic occupational exposure to
VC with impaired liver function and/or biochemical or histological evidence of liver damage,
notably subcapsular, portal and perisinusoidal fibrosis, hyperplasia of hepatocytes and sinusoidal
cells, and portal hypertension (Buchancova et a., 1985; Doss et al., 1984; Gedigk et a., 1975;
Liliset a., 1975, Marsteller et al., 1975; Popper and Thomas, 1975; Tamburro et al., 1984).
Focal hepatocellular hyperplasia and focal mixed (hepatocytes and sinusoidal cells) hyperplasiaare
early histological alterations indicative of VC exposure (Popper and Thomas, 1975) and are the
principal anatomic lesionsin VC-associated liver disease (Berk et a., 1976). Dosset a. (1984)
reported coproporphyrinuriain 46 males occupationally exposed to VC for 18 months to 21
years. Gedigk et a. (1975) correlated liver damage manifested as parenchymal damage, fibrosis,
and proliferation of the sinusoidal cells with duration of exposureto VC in 51 patients. The
severity of degenerative lesions increased with increasing duration of exposure and appeared to be
reversible upon exposure cessation. Another study reported the progressive nature of the liver
changes that resulted in “chronic hepatitis’ (Liliset al., 1975). Thresholds for hepatotoxicity
cannot be identified because data regarding exposure concentrations and duration were not
available. The symptoms and signs of liver disease associated with occupationa exposureto VC
include pain or discomfort in the right upper quadrant of the abdomen, hepatomegaly,
splenomegaly, and thrombocytopenia, in addition to fibrosis, cirrhosis, and portal hypertension;
however, these observations are not pathognomonic for VC-induced liver disease (Liliset d.,
1975; Marsteller et al., 1975; Popper and Thomas, 1975). Fibrosis frequently occurs in the
elderly and in patients with diabetes mellitus (Popper and Thomas, 1975).

Ho et al. (1991) reported V C-related liver dysfunction in 12 of 271 workers who were
exposed to environmental levels of 1 to 20 ppm, with a geometric mean of 6 ppm (15 mg/n?).
The affected workers were identified as aresult of amedical surveillance program of biochemical
liver function tests. Latent periods from first exposure to the first abnormal test ranged from 1 to
13 years. In addition to repeated abnormalitiesin liver function tests, most affected subjects had
hepatomegaly and/or splenomegaly. While this study suggests effects at very low levels, the
exposure assessment may well be flawed. According to Tamburro (persona communication, Arlo
H. Tamburro, M.D., M.P.H., University of Louisville Medical School, 1997), concentrations of
V C during tank washing of tanks may have been as high as 2,000 to 5,000 ppm and have been
reported to be as high as 10,000 ppm during tank washing. The occurrence of abnormal
biochemical liver tests aso showed no relationship to likely exposure level based upon job
classification. Du et a. (1995) found that serum levels of gamma-glutamyl transferase (GGT), but
not other indicators of liver function, correlated with exposure in a group of 224 VC workers
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with time-weighted average exposure ranging from 0.36 to 74 ppm (0.92 to 189 mg/n?°).
Hepatomegaly, adtered liver function as shown by biochemical tests, and Raynaud’ s phenomenon
(cold sensitivity and numbness of fingers) were reported in chemical plant workers exposed to 25
to 250 ppm VC (64 to 639 mg/m?) (Occidental Chemical Corporation, 1975).

An occupational study attempted to correlate the effects of VC with the liver function of
exposed workers (77 total), as measured by the plasma clearance of the *™Tc-N-(2,4-
dimethylacetanilido)iminodiacetate (HEPIDA) complex (Studniarek et al., 1989). The duration of
exposure varied from 3 to 17 years. Personal air samplers were used to determine the mean VC
concentrations in 1982 at various regions of the plant. Polymerization operators (n = 13) had the
highest mean exposure to VC, 30 mg/m?, with a mean duration of employment of 10 years.
Autoclave cleaners (n = 9) and auxiliary personnel (n = 12) in polymerization rooms were
exposed to mean concentrations of 9 mg/m? for amean duration of 8 and 12 years, respectively,
while technical supervisors (n = 6) had the lowest mean V C exposure of 6 mg/m? for amean
duration of 13 years. The investigators found a significant correlation between degree of
exposure to VC and the frequency of low clearance values; however, no concentration-response
rel ationship was detected among the groups with respect to plasma clearance of " Tc-HEPIDA.
This study is of limited value since personal air sampling was conducted for only 1 year. The
yearly geometric means of VC atmospheric concentrations in various departments of the plant
were provided, but these concentrations fluctuated dramatically between 0.1 and 600 mg/m? from
1974 to 1982.

There was no evidence of decrements in pulmonary function over the course of awork
shift in agroup of 53 chemical, plastics, and rubber workers exposed to higher VC levels (up to
250 ppm, 639 mg/m?) (Occidental Chemical Corporation, 1975). In an analysis of causes of death
in acohort of 10,173 VC workers for up to 30 years after the onset of exposure, the only
noncancer cause for which the SMR was significantly elevated was emphysema (Dow Chemical
Company, 1986). There was no correlation with exposure duration or latency. There was aso no
control for smoking, although there was no excess of lung cancer.

Insufficient data exist to evaluate the teratogenicity of VC in humans. Severd
epidemiology studies have investigated the effects of inhalation exposure to VVC on the incidence
of fetal loss and birth defects (Hatch et al., 1981; Infante et al., 1976; Waxweller et a., 1977);
however, no solid association has been found. Studies of communities near VC plants (Edmonds
et a., 1978; Theriault et a., 1983) have found no clear association between parental residencein a
region with aVC plant and the incidence of birth defects in the exposed community.

Fontana et a. (1995) reported a 9% occurrence of clinical symptoms of Raynaud’s
phenomenon (RP) in 128 retired patients who were exposed occupationally to VC. While RP
secondary to VC exposure can still persist after the end of exposure, capillary lesions did not
appear as the main physiologic factor in the persistence of the RP.
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4.2. PRECHRONIC AND CHRONIC STUDIESAND CANCER BIOASSAYSIN
ANIMALS—ORAL AND INHALATION

Feron et al. (1981) administered diets containing 10% PV C with varying proportions of
VCM to Wistar rats. Diets were available to experimental animals for 4 hours per day, and food
consumption and V C concentrations were measured at several times during the feeding period in
order to account for loss of VC from the diet due to volatilization. This information was used to
calculate the ingested dose. Evaporative loss averaged 20% over 4 hours. The ingested dose was
adjusted downward by the amount of VC measured in the feces to arrive at the bioavailable doses
of 0, 1.7, 5.0, or 14.1 mg/kg-day which were fed to Wistar rats (n = 80, 60, 60, and 80,
respectively) for alifetime. An additional group of 80/sex were administered 300 mg/kg-day by
gavage in oil for 5 days/week for 83 weeks. Rats were weighed at 4-week intervals throughout
the study. Hematological values were obtained at 13, 26, 52, 78, and 94 weeks, and blood
chemistry was performed at 13, 26, 52, and 106 weeks (n = 10). Urinalysis was performed on 10
animals per group at 13, 25, 52, 78, and 94 weeks. All surviving animals were necropsied at
week 135 (males) or week 144 (females). Interim sacrifices of 10 animals at 26 and 52 weeks
included animals from the control and high-dose groups.

Feron et al. (1981) reported that there was no difference in body weights in the VC-
treated animals, although all groups (including the control) weighed significantly less than the
controls fed ad lib (treated animals had access to food for only 4 hours/day). Significant clinical
signs of toxicity in the 5.0 and 14.1 mg/kg-day groups included lethargy, humpbacked posture,
and emaciation. Significantly increased mortality was seen consistently in males at 14.1 mg/kg-
day and in females at 5.0 and 14.1 mg/kg-day. No treatment-related effects on hematology, blood
chemistry, or urinalysis parameters were observed. Relative liver weight was significantly
increased at 14.1 mg/kg-day but was not reported for the other dose groups.

In the Feron et al. (1981) study, a variety of liver lesions were observed histologicaly to
be dose related and statistically significant in male and femae rats. These included clear cell foci,
basophilic foci, eosinophilic foci, neoplastic nodules, hepatocellular carcinoma, angiosarcoma,
necrosis, cysts, and liver cell polymorphism. Severa of these endpoints were significantly
increased in the group exposed to 1.7 mg/kg-day. Furthermore, basophilic foci were significantly
(p < 0.05) increased at doses as low as 0.014 mg/kg-day and liver cell polymorphisms at doses as
low as 0.13 mg/kg-day in arelated study conducted at lower doses (Til et al., 1983, 1991); the Til
et a. (1983) study is described in more detail below. The above lesions, with the exception of the
angiosarcoma and bile duct cysts, derive from hepatocytes; angiosarcomais derived from
sinusoidal cells and cysts from bile duct epithelium. Because the neoplastic nodules and atered
hepatocellular foci are proliferative lesions indicative of changesin the cells from which
hepatocellular carcinomas are derived, and because these lesions occur at lower doses and higher
incidences than the hepatocel lular carcinomas, these lesions are likely to be preneoplastic. In
addition, the fact that they occur at doses one to two orders of magnitude lower than other liver
lesions, such as necrosis, indicates that these lesions probably occur via a genotoxic mechanism,
consistent with the known mechanism of VC carcinogenicity. By contrast, there are no
indications that VC causes cancer via a cytotoxic mechanism, so the necrosisis not considered a
preneoplastic effect. The incidence of necrosis was increased in a dose-related manner in both
males (4/55 in controls, 4/58, 8/56, and 23/59 low to high dose) and females (5/57 in controls,
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6/58, 19/59, and 27/57, low to high dose). The incidence was statistically significant in males
receiving 14.1 mg/kg-day and in females receiving 5.0 mg/kg-day. Liver cell polymorphism,
another endpoint not considered preneoplastic (Schoental and Magee, 1957, 1959), was aso
significantly increased in males only (4/55 in controls, 16/58, 28/56, and 42/59 low to high dose).
Hepatic cysts were increased in females in a dose-related manner (9/57 in controls, 30/58, 41/59,
and 49/57 low to high dose), whereas in males they were significantly increased only at the
highest dose (16/59). Proliferation of sinusoidal cells showed a dose-related increase in males but
did not achieve statistical significance. Increased tumor incidence was noted in al treated groups.
Almost exclusively angiosarcomas were observed in males and females administered 300 mg/kg-
day by gavage, while a mixture of angiosarcomas and hepatocellular carcinomas was observed at
the mid and high dietary doses. Only hepatocellular carcinomas were reported at the low dose.
Several other rare tumors were identified as possibly being associated with VC exposure. At least
some of the observed pulmonary angiosarcomas (significant at p < 0.05) and extrahepatic
abdominal angiosarcomas appeared to be primary tumors, since they were observed in animals
with no liver angiosarcoma. The incidence of Zymbal gland tumors, a rare tumor type, also
increased. These neoplasms occurred at and above doses of 5 mg/kg-day. Abdominal
mesotheliomas were elevated over controls in al dosed groups, but there was no clear dose
response. Incidence and analysis of tumorsin this study are presented in Section 5.3.2.

The lifetime dietary study of Til et a. (1983, 1991) was performed in order to study a
range of oral doses below that delivered in the Feron et a. (1981) study, since tumors were
observed at al dosesin the previous study. The oral doses were delivered in the same way except
that the diets contained afinal concentration of 1% PV C, rather than 10%. Wistar rats
(100/sex/dose) were administered doses (corrected for evaporative loss and the nonabsorbed
portion in the feces) of 0, 0.014, 0.13, or 1.3 mg VC/kg/day for 149 weeks. Mortality differences
were not remarkable for males but were dightly increased for females receiving 1.3 mg/kg-day.
Relative organ weights were not evaluated. Angiosarcomas were observed in one high-dose male
and two high-dose females. Other significant increases in tumors were limited to neoplastic
nodules in females and hepatocellular carcinomas in males. No Zymbal gland tumors or
abdomina mesotheliomas were observed. Testicular effects were not evaluated. An increased
incidence of basophilic foci in liver cells was observed in both sexes at 1.3 mg/kg-day and only in
females in the two lower dosage groups. Significant increases in females having “many” hepatic
cysts (3/98 in controls, 4/100, 9/96, and 24/29 low to high dose) as well asliver cell
polymorphism in males (incidence of moderate + severe of 5/99 in controls, 5/99, 8/99, and 13/49
low to high dose) and females (incidence of moderate + severe of 16/98 in controls, 16/100,
12/96, and 24/49 low to high dose) were reported. Since these latter two endpoints were the only
ones not considered to be neoplastic or preneoplastic, they were considered suitable for
development of RfDs and RfCs.

As described in Section 5.1.2, the PBPK model of Clewell et al. (1995b) was used to
derive dose metrics that were then used to convert the exposure levels for the endpoints of
interest in the animal studies to equivalent human exposure levels. In addition, because there are
no direct effects at the portal of entry, the PBPK model was also used to derive dose metrics that
were then used to convert the oral exposure levels used by Til et a. (1983, 1991) to a continuous
human inhalation exposure concentration that would result in the same internal dose as occurred
in the animal study. This study defines a no-observed-adverse-effect level (NOAEL) of 0.13
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mg/kg-day and a lowest-observed-adverse-effect level (LOAEL) of 1.3 mg/kg-day for liver
effects that are not thought to be preneoplastic. Using the PBPK model of Clewell et al. (1995b),
aNOAEL (HEC [human equivalent concentration]) and LOAEL (HEC) of 4.4 and 44.4 mg/m?®,
respectively, were calculated. Benchmark dose (BMD) modeling was then conducted on the
internal dose metrics calculated using the PBPK model, and the BMD at a benchmark response of
10% extrarisk (BMD,,) was calculated and evaluated. Dueto limitationsin the data and variable
outputs from the BMD models, the NOAEL was chosen for use in further quantitative analysis.

Bi et al. (1985) exposed Wistar rats (apparently 75 per group) to 0, 10, 100, or 3,000 ppm
V C (99.99% pure) for 6 hours/day, 6 days/week (duration adjusted to 0, 5.5, 55, 1,643 mg/m?,
respectively) for up to 12 months. Animals were weighed monthly and observed daily for clinica
signs. Interim sacrifices were reported at 3 (n = 8), 6 (n = 30), 9 (n = 6), and 12 (n = 10) months,
with surviving animals examined after 18 months (6 months after the end of exposure). Organ
weights and histopathology were reported to have been assessed on lung, liver, heart, kidney,
testes, spleen, and brain, but only partia organ weight information was presented, and only
testicular histopathology results are discussed in the report. Body weight was significantly
decreased in the mid- and high-exposure groups (320, 310, 280, and 240 g in 0, 10, 100, and
3,000 ppm groups, respectively). Liver body weight ratios were increased in a concentration-
dependent manner after 6 months at all dose levels. At 12 months, increased relative liver weight
was observed only in the 3,000 ppm group, athough the power to detect this effect was limited
by the small number of animals examined. No effect on liver weight persisted at 18 months after
the start of the exposure. Relative kidney weight in the 3,000 ppm group was increased at 3 and
12 months but not at 6 or 18 months, and in the 100 ppm group only at 18 months. Relative
testes weight was decreased in the 100 and 3,000 ppm groups at 6 months, but the effect was not
concentration related in that the relative testes weight was less at 100 than at 3,000 ppm and no
other time points showed significant effects. There were several groups with significant
differencesin relative heart or spleen weights, but these were not consistent across exposure
concentrations or durations and thus do not appear to be exposure related. The study did not
report absolute organ weights, relative weights for groups with no significant differences,
standard deviations, or histopathology results (except in the testes), making the organ weight
differences in tissues other than the liver and testes difficult to interpret, although spleen size has
been reported in other animal and human studies. The incidence of damage to the testicular
seminiferous tubulesin rats (n = 74) exposed to 0, 10, 100, or 3,000 ppm was 18.9%, 29.7%,
36.5%, and 56%, respectively. The incidence was statistically elevated at 100 and 3,000 ppm
(duration adjusted to 55 and 1,643 mg/m?, respectively) (p < 0.05 and p < 0.001, respectively)
compared with controls and was concentration related. This damage consisted of cellular
alterations, degeneration and necrosis. Thus, 10 ppm (duration adjusted to 5.5 mg/m?®) is
considered a LOAEL for liver weight changes and the NOAEL for biologically significant
testicular degeneration.

As described for the Til et al. (1983, 1991) study, this concentration was converted to an
HEC using the PBPK model of Clewell et al. (1995b), and benchmark modeling was then
conducted on the dose metric when possible. Thus, the LOAEL (HEC) for increased relative liver
weight is 47.8 mg/m?, and the NOAEL (HEC) for increased testicular degeneration is 73.4 mg/m®.
The testicular degeneration was the only effect in this study that was suitable for benchmark
modeling because no measure of variability (e.g., standard deviation) was provided for the liver
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weight endpoint. The HEC based on the benchmark analysis benchmark concentration
(BMC)(HEC) and the PBPK model is 316 mg/m®. The liver is more sensitive, and the
LOAEL(HEC) is the most appropriate dose-response value in this study.

Du et al. (1979) exposed male Sprague-Dawley rats for 2-8 hours/day over periods of 1-5
weeks to 15,000 ppm VC. The total accumulated exposure period varied from 14-137 hours.
Activity of glucose-6-phosphatase in the microsomal fraction decreased 25% with respect to
controls after 70 hours of exposure. Glucose-6-phosphate dehydrogenase activity increased
twofold after more than 100 hours of exposure. Nonprotein sulfhydryl levels (glutathione and/or
cysteine) showed a dight but progressive elevation, whereas glutathione reductase increased
50%-60% during exposure. Dilatation of rough endoplastic reticulum and patchy lesions near the
plasmalemmawere also noted. The pathology and early enzymatic changes were considered a
reflection of mild early injury to liver cells.

In astudy by Sokal et al. (1980), male Wistar rats (7-34/sex/group) were exposed to 0,
50, 500, or 20,000 ppm VC for 5 hours/day, 5 days/week (duration adjusted to 0, 19, 190, or
7,607 mg/m?, respectively) for 10 months. Hematological indices, blood chemistry, and urinalysis
were evaluated after 1, 3, 6, and 10 months of exposure (n = 7-10). Histopathology was
conducted on all mgjor organs, including the lungs, with groups sacrificed at 1.5, 3, 6, and 10
months of exposure. The number of animalsin each group is not clear from the report.
Ultrastructural examination of the liver was carried out at 3, 6, and 10 months. No statistically
significant differences were observed for urinalysis, hematological, or biochemical indices. No
adverse effects on the lung were reported. There was a statistically significant (p < 0.05) decrease
in body weight at 10 months in all treatment groups relative to the controls that was biologically
significant (i.e., > 10%) in the high-exposure group only. Organ weights were reported for
groups of seven animals exposed for 10 months. Relative spleen, kidney, and heart weights were
significantly elevated in some groups, but there was no change in absolute weight and no
histological changes or effects on kidney function to corroborate an adverse effect in these
organs. Relative liver weight was increased at 500 and 20,000 ppm, and absolute liver and testes
weights were increased at 50,000 ppm. Treatment-related histological changes developed in the
liver and testes. After 10 months, there was a significant increase in polymorphism of hepatocytes
(2/28, 5/21, 18/34, and 10/17 in 0, 50, 500, and 20,000 ppm groups, respectively) and
proliferation of reticuloendothelia cells lining the sinusoids (3/28, 3/21, 13/34, and 8/17 in 0, 50,
500, and 20,000 ppm groups, respectively). These effects were aso seen at 6 months in the 500
and 20,000 ppm groups (incidences not reported). Fatty degeneration was also observed, and
ultrastructural changes, including proliferation of smooth endoplasmic reticulum and lipid
droplets, were reported, but no data were given. The report indicated that more detailed
description of the histopathology and ultrastructure would be published separately, but no such
record was found. Damage to the spermatogenic epithelium was significantly higher than in
controls following exposure to 500 ppm (3/28, 3/21, 13/34, and 5/17 in the O, 50, 500, and
20,000 ppm groups, respectively). A NOAEL of 50 ppm was identified for hepatocellular and
testicular histopathology. Using the PBPK model of Clewell et a. (1995b), the NOAEL of 50
ppm corresponds to a duration-adjusted NOAEL (HEC) of 162 mg/m? for liver effects and a
NOAEL (HEC) of 252 mg/m? for testicular effects. Applying benchmark modeling using the
dosimetry provided by the PBPK model in the same manner as described for Til et a. (1983,
1991), the BMC(HEC) values are 102-293 mg/m? for liver effects (102 mg/m? for polymorphism
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of hepatocytes, 160 mg/m?® for proliferation of reticuloendothelial cells, and 293 mg/m? for the
continuous endpoint of increased relative liver weight) and 212 mg/m? for testicular effects.

In arelated study (Wisniewska-Knypl et al., 1980), male Wistar rats (7-10/group) were
exposed under dynamic conditions to nomina concentrations of 50, 500, or 20,000 ppm VC or to
air only for 5 hours/day, 5 days/week (duration adjusted to 19, 190, or 7,607 mg/m?, respectively)
for 10 months with interim sacrifices a 1, 3, and 6 months. This study appears to be a different
experiment from that reported by Sokal et al. (1980) based on different initial animal weights and
chemical purity, although thisis not entirely clear. Body weight was significantly affected only in
the 20,000 ppm group exposed for 10 months. Tissue examinations were limited to the liver.
Relative liver weight was increased at all sacrifice times at 500 and 20,000 ppm. Ultrastructura
examination of liver tissue from animals exposed to 50 ppm showed hepatocellular changes
characterized by proliferation of smooth endoplasmic reticulum at 3 months and accumulation of
lipid droplets at 10 months. Rats exposed to 500 ppm for 3 months exhibited hypertrophy of the
smooth endoplasmic reticulum, distension of canals of rough-surfaced membranes, swelling of
mitochondria, and an increased number of lipid droplets in cytoplasm; these changes were more
intensive at 20,000 ppm. No quantitative information is provided on the liver ultrastructural
effects. This study identifiesaminima LOAEL of 50 ppm (duration adjusted to 19 mg/m?®) for
minor liver histopathology and a NOAEL of 50 ppm for liver weight effects. Based on the PB